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I q507 
For invest igat ing t h e  r a t e  o f  formation of radioisotopes i n  

chondrites, under the  influence of cosmic rays, aluminum 

nuclei  bombarded by protons of 120 - 660 MeV were used, since 

the  mass number and atomic weight of aluminum correspond t o  

t h e i r  weighted average f o r  chondrites. 

are given f o r  t h e  cross section f o r  formation of cosmogenic 

isotopes, which agree with experimental values a t  a proton 

energfr of 660 Mev. Madnum foxmation rates are c d d a t e d  

f o r  the  center of chondrites of 10 cm radius, r e l a t i v e  t o  

t h e i r  average chemical composition. 

of cosmogenic isotopes depends on t h e  s i z e  and chemical com- 

posit ion of the  meteorite and on t h e i r  s p a t i a l  d i s t r ibu t ion  

i n  the  meteorites. Comparative experimental and calculated 

values a r e  tabulated for various ta rge ts ,  proton energies,, 

Semiempirical formulas 

The r a t e  of formation 

and elanents. 

NASA TT F-9283 

*f& 

Meteorites a r e  our only source of information about matter in space, and 

therefore  invest igators  a r e  now showing immense i n t e r e s t  i n  t h e  detai led study i 

of t h e i r  chemical and isotopic  composition. Naturally, only i f  we have data on 

the  composition of matter i n  t h e  E a r t h ,  t h e  Sun, meteorites, and other  bodies 

* Numbers i n  the  margin ind ica te  pagination in the  o r ig ina l  foreign text. 
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of t h e  so l a r  system w i l l  we be able  t o  understand t h e  processes of t h e i r  f o m -  

t i o n  and evolution. 

Mass spectrometry of meteroites h a s  shown considerable anomalies in t h e  

i so topic  composition of a number of elements - helium, neon, argon, potassium, 

vanadium, and others  - as compared with t h e i r  t e r r e s t r i a l  abundances. 

ac t ive  isotopes w i t h  half-l ives considerably shorter  than the  age of t h e  E a r t h  

and the  meteorites (about 4700 million years)  have a l so  been found i n  meteor- 

i tes ,  f o r  example Belo (T = 2.5 X lo" yrs), Cl"" (T = 3 X lo" yrs), 2' (T = 

= 3 X lo" y r s )  and many radioisotopes of r e l a t ive ly  l i g h t  elements w i t h  2 

Radio- 

28. 
I 

The sooner a f t e r  t h e i r  f a l l  a radiochemical analysis of meteoritesismade, t h e  , 
! 

more s h o r t e r l i v e d  isotopes w i l l  be found. Thus, in t h e  Harleton stone meteor!  

i t e ,  delivered t o  t h e  laboratory within 10 days of i t s  fa l l ,  it was possible  t d  
, 

i 

f ind  even as short-Uved an isotope as P"" (T  = 4 days) (Bib1.1). I 
Many invest igators  have studied the nuclear reactions that take place in 

iron meteorites under t h e  act ion of cosmic-ray protons by i r r a d i a t i n g  i ron  t a r  
1 

gets  of varying thickness with a r t i f i c i a l l y  accelerated protons in t h e  energy 

range of 100 Mev They were ab le  t o  estimate t h e  

rate of formatior? of cosmogenic isotopes and the  i so topic  r a t i o s  f o r  a number 

of elements ( A r ,  K, N e ,  V, and others) (Bibl.5, 10, 11, 12). The results ob- 

ta ined fmm m d e l  experiments were found t o  be i n  agreement with t h e  e f f ec t s  obp 

served i n  i ron  meteorites. 

I$ s 28 Bev (Bibl.2 - lo). 
I 

This f a c t  provides ju s t i f i ca t ion  for an experimental simulation of t h e  nu- 

Meteorites of this type, ac-; c l e a r  reactions taking place i n  stone meteorites. 

counting f o r  about 8% of all t he  meteorites t h a t  f a l l  on t h e  Earth, have a com- 

I 

plex  chemical composition. For example, the  average composition of chondrites, 

the  predominant type of stone meteorites, can be characterized as follows (see  1 

2 



. 
i 

Bibl.13): 3 6 . s  oqgen ;  13.9% magnesium; 0.665% sodium; 1.3% a l u m i ~ ~ u m ;  17.2% 
' 

, 
s i l i c o n ;  2.3% sul fur ;  0.1% potassium; 1.36% calcium; 0.0'7% titanium; 0.23% chm-, 

I 
mium; 0.1% manganese; 25.7% iron;  1.G nickel. I n  stone meteorites of other  

types (carbonaceous chondrites, calcium-poor achondrites, calcium-rich achon- 

d r i t e s )  and iron-stone meteorites (pa l las i tes ,  mesosiderites) t he  content of 

some elements var ies  considerably (Bibl.13). 

I 

1 

i i For example some e n s t a t i t e  achon- 
i 

d r i t e s  hardly contain any i ron  at all. 
I 

It i s  exceedingly d i f f i c u l t  t o  in te rpre t  t h e  e f fec ts  of t h e  interact ion o f ,  

cosmic radiation,having a broad energy spectrum ( the  d u m  number of p a r t i c l e s  

have energies from several  hundred MeV t o  50 Bev), with the  nuclei  of t h e  above' 

elements. A fu r the r  complication i s  the  presence of a l a rge  va r i e ty  of miner- ~ 

als and phases in meteorites (metallic, s i l i c a t e ,  and t r o i l i t e ) .  1 
I 

I 

As a result 

of t h e  differences i n  t h e  chemical composition of the  phases, t h e i r  contents of,  I 
t 

I various cosmogenic isotopes w i l l  a l s o  be different .  

These d i f f i c u l t i e s  have been responsible f o r  t he  complete lack of know- 1 

ledge, today, as t o  the  rate of formation of cosmogenic isotopes in stone mete-i 

o r i t e s .  

the  marked differences observed in the cosmic ages of i ron  and stone meteoritesH 

Yet only such data w i l l  make it possible  t o  determine the  causes of 
1 

T h i s  question, too, i s  exceptionally important f o r  t h e  problem of the  or igin of 

meteorites. 
1 

I 
1 

The present authors have attempted t o  evaluate the  r o l e  of t h e  nuclear re-j 

act ions between high-energy pa r t i c l e s  of primary and secondary cosmic radiation; 

(over 100 MeV) and s i l icon ,  magnesium, calcium, alumhum, and i ron  nuclei  i n  

t he  formation of t h e  various radioactive cosmogenic isotopes i n  chondrites, 

whose chemical composition i s  more o r  less uniform. 

w e  studied t h e  radioactive products of t h e  in te rac t ion  of protons of 120 and 

I 

, 

With this object i n  mind, 

, 
3 



. 
660 Mev energy w i t h  nuclei of aluminum, an element whose mass number and atomic 

number both correspond t o  t h e i r  respective weighted average values f o r  chon- 

dr i tes .  

NUCLEAR REACTION PRODUCTS I N  AN ALUMINUM TARGEX’ 

1 -  

- 

The cross section f o r  formation of the  products of f i ss ion  of aluminum nu- 
I .  

c l e i  by high-energy protons have been determined by a number of authors (see 

Bib1.14-21). 

gated f o r  many isotopes. 

t e rac t ion  products of re la t ive ly  low-energy protons ( 5  660 Mev). 

place, we did this because the  intensi ty  of par t ic les  of energy under 500 Mev 

The energy region below 300 Mev, however, has remained uninvesti- 

We therefore devoted par t icu lar  attention t o  the  in- 

I n  t h e  f i r s t  

i n  t h e  primal-g cosmic radiation on the o rb i t s  of t he  meteor s w a m  may well be 

considerably higher than in t h e  region of the  Earth’s atmosphere. I n  fac t ,  da- 

t a  on t h e  abundance of cosmogenic Sc46 and Ne2a h ten i ron  meteoritesshow 

t h a t  t he  primary cosmic radiation which had i r rad ia ted  these meteorites a p p a r  

ent ly  had 2.5 times as many par t ic les  of  energy from 200 Mev t o  1 Bev as it had 

p a r t i c l e s  of energy > 1 Bev (Bib1.22). 

that the  mean energy of t he  secondary pa r t i c l e s  formed by primary cosmic radia- 

t ion  i n  the  nuclei  of a photographic emulsion (0, N, C, B r ,  and A g )  i s  about 

150 Mev and i s  independent of t he  energy of the  primary pa r t i c l e s  i n  the region 

from 300 Hev t o  15 Bev (Bibl.23). 

f o r  t he  products of i r rad ia t ion  of aluminum by protons of 150 and 660 Mev energ 

w i l l  permit an evaluation of the role  of the  medimenergy portion of the  sec- 

ondary par t ic les ,  and a l s o  of t h e  primary pa r t i c l e s  of energy over 100 MeV, i n  

the  formation of cosmogenic isotopes i n  stone meteorites. 

I n  t h e  second place, it i s  w e l l  known 

Thus, data on t h e  foxmation cross sections 

Two types of spectral ly  pure aluminum f o i l  weighing (1) 1.5 mg and (2)  

4 



about 1 &m were i r rad ia ted  by an in te rna l  beam of protons from the synchrocycl&- 

tron of the  Laboratory f o r  Nuclear Problems of  the  O I Y a I  (United Nuclear Re- 

search Ins t i t u t e ) ,  a t  a radius corresponding t o  energies of 150 and 660 MeV. 

, 

, 

I 
- The ta rge t  i r rad ia t ion  time was 5 min and 1 - 2 hrs, respectively. The proton j 

f lux  was monitored f r o m  the  ac t iv i ty  of t h e  Na”‘ formed i n  the  aluminum by the  1 
I 

, 

reaction (p, 3pn). The proton flux, calculated on the  basis of t h e  excita- A 
1 1 t ion  function f o r  Na”’, which has been studied i n  d e t a i l  by many workers (Bibl.; 

a), w a s  varied i n  our experiments over the  range between 3 X Id’ and 2 X Id”’ 

protons/m2 -sec. 

c” , I n  t h e  targets] 

(2)  the  beryllium and sodium fractions were chemically separated with carriers,j 

t 

After i r rad ia t ion  the a c t i v i t y  of the short-lived isotopes 

0” , I?’, and Naa4 was determined i n  the ta rge ts  (1). 
I 

I 

and the  a c t i v i t y  of Be’ and Na2a ,  as w e l l  as Na24, was determined i n  them re- 
I 

I 
spectively. I 

The a c t i v i t y  of the  preparations of the  individual f ract ions and of t h e  irt 
I 
I 

radiated A 1  f o i l  was measured on an end-window counter wi th  a mean s t a t i s t i c a l  

e r ror  not over 3%. 
I 

The isotopes were ident i f ied  by t h e i r  half-lives, the type 1 

of radiation, and the  energy of B- and Y-radiation. A simplified &spectrometer 

and a sc in t i l l a t i on  Y-spectrometer with a 100-channel pulse analyzer were used ’ 

f o r  this purpose. 

Table 1 gives the  measured foxmation cross sections f o r  the  ident i f ied  ra- 

dioisotopes ( the  accuracy of measurement of To bring out t h e  

re la t ion 0~~ = f(l$ ) (I$ i s  the energy of t h e  bombarding protons) we give the  

t w a s  f 20%). 

corresponding value f o r  ?$ from 390 Mev t o  28 Bev according t o  the  data of otheb 

workers. It i s  c lear  that ,  f o r  isotopes with AA = A,, - A P r o d  (where A,, i s  the  

mass number of the  ta rge t  element and A p t o d  t h e  mass number of t h e  product) of 

a value higher than ten i n  the  energy region from 120 t o  lo00 MeV, uAi will in- 

5 
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crease sharply wi th  increasing proton 

energy. On further increase i n  the  prc 

ton energy, w i l l  remain prac t i ca l l j  

constant. The formation cross section 

of t he  isotopes with AA < 10 does not 

vary in t h e  region of proton energy 

from 120 Mev t o  28 Bev. 

t e rn  i s  a l s o  observed f o r  t h e  f i ss ion  

products of the  i ron  nucleus (Bibl.5 - 
10). This is  of subs tan t ia l  importance 

in dete-ing the  r a t e  of formation of 

cosmogenic isotopes of t he  pr incipal  

elements of stone meteorites. 

gives t h e  values of AA f o r  a l l  cosmo- 

genic isotopes found i n  meteorites, whc 

formed from t h e  most common elements 

The same pat- 

Table 2 

usually found i n  stone meteorites. An 

analysis  of these values shows that the  

most e f fec t ive  AA f o r  most cosmogenic I 

isotopes is considerably less than 10, ~ 

except f o r  some isotopes,  f o r  instance j 
, 

. 

eo, Ti44,  etc., which a r e  formed only ’ 

from i ron  (or nickel) .  T h i s  makes /1222 

i t  wmewhat easier t o  determine the  r a t e  
1 

of formation of many cosmogenic isotopes 

i n  stone meteorites than i n  i ron  mete- 

6 



~ 

o r i t e s ,  since t h e  foxmation cross sections of most isotopes i n  i ron  meteorites 

depend s igni f icant ly  on the  proton energy. 

essary t o  know the  r e l a t ion  

, 
First of a l l ,  it i s  therefore  nec- ' 

1 . = f(l$) f o r  all t he  isotopes, as w e l l  a s  t h e  

TABLE 2 

VALUES OF AA FOR COSOGBJIC ISOTOPES ON THETR FORMATION 
FROM THE MOST ABUNDANT I&ERIQ?TS OF STONE KE3'EORITES 

I 

x- This isotope is  formed during the  nuclear reaction, as a frag- 
ment hurled off  when the  bombarding p a r t i c l e  s t r i k e s  t h e  nucleus. 

Isotope formed by t h e  reaction (p, pn'). , 
, 
I 

form of t h e  energy spectrum of t h e  primarg cosmic radiat ion and of t h e  second- I 
a ry  nucleoactive pa r t i c l e s  formed by nuclear f i ss ion .  On the  other hand, a cal+ 

culation of t he  r a t e  of formation of cosmogenic isotopes i s  i n  pr inc ip le  consi-1 

derably more complicated f o r  stone meteorites than f o r  i ron  meteorites. 1 

greatest  d i f f i c u l t i e s  a r e  produced by t he  lack of experimental data on t h e  cross 

I 

I 

The 
I 

section f o r  formation of almost a l l  principal components of stone meteorites: 

7 



. calcium, s i l icon,  magnesium, and sulfur. 

ESTIMATE OF THE RATE OF FORMATION OF RADIOISOTOPES 
9 1  IN CHONDRITES 

1 

To estimate t h e  rate of formation of cosmogenic isotopes of t h e  above e le  

ments, w e  must first consider t h e  fundamental laws of distribution, with A and 

'2, of t h e  y ie lds  of f i s s ion  products of nuclei  of mean atomic weight. 

3 

i ,  

L 

I 
I 
i 

Detailed study of t he  f iss ion products of t h e  Al, Cu, Co, Mn, and V nuclei! 

, 

I 

showed tha t  the  values of 0, fo r  nuclei of various A p r o  d and Zpr o d  a r e  de- 

scribed by t h e  equation (Bib1.25): 

In 2) = Pni - Q- R(Zi - SA$ 

The parameter S characterizes the s lope of t h e  linear r e l a t ion  between t h e  
j 

, I most probable charge and Ai r o b  - Z, f (& r o b  ) ; f o r  nuclei  of mean atomic 
- 

'weight; S = 0.467. The parameter P characterizes t h e  mean angle of slope /12& ~- 

of t h e  re la t ion  I n  01 r o b  = f (Ai r o b  ), i.e., t he  d is t r ibu t ion  curve of t h e  f i ss ion  

products t o  mass. 

barding protons: 

Here, P has been found t o  depend on t h e  energy of t h e  bom- 

P = 0.1 1 

where E is t he  energy i n  Bev (Bib1.26). 

steepness of t h e  parabolas representing t h e  dependence of t h e  yield isobars  on 

Z. The 

parameter Q is a norming factor, f ixing t h e  sca le  of absolute values of 0~~ . 
The value of Q can be found f r o m  t h e  relation: 

The parameter R characterizes t h e  

It would seem that t h i s  quantity should not depend on A,, nor on & 

I 

(3:  

where O"i0 ( I n .  1 )  i s  t h e  t o t a l  cross section for i n e l a s t i c  col l is ion.  

mean energy o f  cosmic radiation, D i n e l  = 0.75 

cross section of t h e  i r r ad ia t ed  nuclei). 

For t h e  

( 0 ~ ~  being t h e  geometrical 

8 



The numerical values of P, R, and Q ( a t  constant S) may be found the  

method of l e a s t  squares from the  experimental data on the  formation cross sec- 

t i ons  of individual radioactive nuclei. The l i t e r a t u r e  gives these values for 

t a r g e t  nuclei  with A0 between 51 and 75 (Bib1.27, 281, and t h e  following valuer 

f o r  t h e  parameters of eq.(l), found f r o m  experimental i r r ad ia t ion  of i ron  tar- 

ge ts  by protons of various energies. For I$ = 150 MeV, P = 0.308 f 0.027, Q = 

= 12.07 i 1.06, R = 1.61 + 0014, S = 0.474 + 0.001 (Bibl.6); f o r  E;, = 660 MeV, 

I I  

1 

p = 0.145 f 0.007, Q = 3.91 f 0.18, R = 1.65 f 0.08, S = 0.472 f 0.001 (Bibl.5: 

and f o r  & = a Bev, P = 0.065 +. 0.08; R = 2.03 +. 0.11, S = 0.49 f 0.01 (see 
i 

Bibl .9 ) . 
I 

For the  f i ss ion  products of nuclei w i t h  A0 C 50, t he  parameters of eq.(l) 1 

mental data of others (Bibl.16). The only values obtained were S = 0.474 and I 
R = 2.7 f 0.7. The l a t t e r  r e su l t  i s  considerably higher than a l l  others previ- 

have not  been determined, except f o r  an attempt (Bib1.27) t o  analyze experi- I 
1 

ouslv found f o r  t h i s  nnrameter (0.65 - 1.751. An attaunt to f i n d  t h e  valueq od 

these parameters from our own experimental data f o r  t h e  f i s s ion  products of alq- 

minum was unsuccessful, evidently on account of t h e  inappl icabi l i ty  of t he  

method of l e a s t  squares t o  the  limited number of values of 

determined by present methods. 

27), P = 0.145 obtained i n  our experiments on i ron  a t  E p  = 660 Hev, and Q = 

= -0.27 calculated by eq.(3 ), w e  obtained t h e  values of 0, 

ses i n  column 5, Table 1. 

f o r  ?” , 
from 5 t o  0.36. 

that could be 

Using t he  l i t e r a t u r e  values of S and R (Bibl. 

I 

given i n  p a r e n t h e  

Satisfactory agreement w i t h  experiment w a s  noted onl 

and Na2”, while t h e  ra t io  0, x p / c T c . ~ o  f o r  t he  o ther  isotopes rangt 

Elsewhere (Bib1.24) we f ind  the  values of calculated f o r  the  f i s s ion  

products of aluminum a t  & = 5.7 Bev (cf.Col.9, Table 1) and P = 0.053 (taken 

Y 

d 



,from experiments on t h e  i r r ad ia t ion  of copper), with Q found f r o m  eq.(3), R = 

= 1.47 and S = 0.47. 

mental values i s  35$, and t h e  minimum difference i s  -2.5% (except f o r  Na”). 

The maxbmm difference between t h e  calculated and experi 

- Another semiempirical fornula f o r  determining t h e  formation cross section 

of i sobar ic  nuclei  as a function of t h e  proton energy and t h e  mass number of 

t h e  t a r g e t  element [eq.(4)3 has recently been proposed (Bibl.29), on t h e  bas i s  

of t he  well-known calculations by t h e  Monte Carlo method by Metropolis e t  al 

(Bibl.30) and Dostrovsky e t  al (Bibl.31). 

t imate t h e  formation cross section of t he  individual  nuclear species. 

‘ (  i 
I 

Equation (5)  may be used t o  es- /12 

1 where 

(4 

( 5  

- where n= 3.14, and R and S a r e  parameters of  eq.(l). 

Thus, by combining these two fonnulas w e  can determine the  formation cros 

section of all nuclei ,  whether s t ab le  or radioactive, f o r  any t a rge t  and vari- 

ous proton energies. If these formulas a r e  su f f i c i en t ly  re l iable ,  they w i l l  b 

extremely important f o r  an in te rpre ta t ion  of t h e  e f f ec t s  of nuclear reactions 

in  meteorites. 

e r a l  cosmogenic i ron  and aluminum isotopes by eqs.(4) and (5), and compared 

them with our own q e r i m e n t a l  data. Table 1, Co1.5, and Table 3 show agree- 

ment of calculated and experimental values of 0~~ of t h e  radioactive isotopes 

a t  g = 660 MeV, and f o r  t he  s t a b l e  isotopes of i n e r t  gases a t  Ep = 540 Mev 

(Bibl.32). 

noted, especial ly  f o r  isotopes of h igh  &; t h e  differences amount t o  almost 

th ree  orders of magnitude. 

For this reason, we f i r s t  calculated t h e  values of f o r  sev. 

For a proton energy of 150 Mev, however, similar agreement i s  not 

Consequently, eqs.(k) and (5)  may be used only t o  

10 



estimate formation cross sections of isotopes that do not depend on t h e  energg 

of t h e  bombarding par t ic les .  

TABCE 3 

COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES OF 0~~ 
FOR IRON AND ALUMINUM TARGETS AT Ep = 660 Mev 

32.4 
41 .a 
74 .I 
34 .o 
60.8 

* According t o  published data (Bib1.32) or Q = 540 Mev. 
+z Sum of (Bib1.32) and %.2a ( t h i s  paper). 

The best agreement between calculated and experimental values of OA, f o r  

an aluminum targe t  i s  for S = 0.481 and R = 1.65. 

p r inc ipa l  isotopes found i n  stone meteorites, Mga4, Si'*, Ca40, and E?", have 

atomic numbers and mass numbers close t o  those of aluminum, t h e  values of t h e  

coeff ic ients  R and S found by us f o r  A1 can also be used f o r  calculat ing OA, 

for Mg, Si ,  S, and Ca. The contribution of t h e  nuclear react ions f o r  i ron  is  

estimated i n  t h e  same way as i n  t h e  interpretat ion of t h e  e f f ec t s  in i ron m e t e -  

o r i tes ,  taking account of t h e  excitation functions of t h e  individual isotopes 

by applying the  appropriate corrections t o  t h e  i m n  content of stone m e t e -  /1225 

Since most of t h e  other 

o r i t e s -  

f o r  Be" , c", and H', are not considered i n  t h e  present paper. 

The nuclear reactions f o r  oxygen, which are of fundamental importance 



. 

The rate of formation of cosmogenic isotopes i n  chondrites may be esti- 

mated by the  formula given f o r  iron meteorites (I3ibl.11). However, taking 

account of t h e  chemical composition of t h e  chondrites involves considerable 

complication of t he  calculation, and t h e  equation will now be of t h e  following 

form f o r  t h e  center of a meteorite of radius R: 

atoms of Ai f o r  gram p e r  sec  ........................................... (6) 
N 

p m - p % p  i s  the  linear coef f ic ien t  of absorption of primary cos- 
Y., A,* where 

mic radiatiorr by the  elements from which t h e  isotope Ai i s  formed; N i s  Avo- 

gadro's number (6.02 X lo"");  P is  the densi ty  of matter of t h e  meteorite, 

equal f o r  chondrites t o  3.6 mdcm"; xer= '""k' i s  t h e  weighted mean of t h e  
2 P;*1 

atomic weight of the  elements (A.1)  from which t h e  isotope Ai i s  formed; [& 11 

is the  share of an element i n  the  weight of t h e  meteorite; 

i s  the  weighted mean  cross section of i n e l a s t i c  co l l i s ion  of  t h e  primary cosmic 

rays with t h e  nuclei  of t h e  elements from which the  isotope A i  is formed; and 

(00 ).I i s  the  geometrical cross section of t h e  nuclei  of t h e  corresponding 

elements [where 00 = nR? and R = 1.37 (A.1 )z  lo-'" cm]. 

The cross section of i n e l a s t i c  col l is ion f o r  cosmic radiat ion of medium 

energy i s  2.76 x lo-'' cm" f o r  oxygen; 4.35 x 10-;dbcnii f o r  s i l i con ;  3.9 x 

10-'bcm'd f o r  magnesium; 4075X 10-26m2 f o r  sulfur; 5.8 X 10-"cma f o r  calcium; 

4.2 X 10-"'cma f o r  aluminum, and 7.30 X 10-2scm2 f o r  iron. Here, 

primary cosmic radiation by all t h e  elements of t h e  meteorite where t h e  symbol 

Wt corresponds t o  the  values f o r  the  e n t i r e  meteorite; 

i s  the  l i nea r  coeff ic ient  of absorption of t he  

12 



primary cosmic radiation leading t o  the formation of secondary par t ic les ;  

i s  the  l inear  co sorption of secondary 

i s  t h e  l i n e a r  coef- 

f i c i e n t  of absorption of secondary par t ic les  by t h e  elements from which t h e  

isotope Ai i s  formed; i s  t h e  share of t h e  cross section f o r  

i n e l a s t i c  co l l i s ion  of t h e  prima$ cosmic radiation t h a t  corresponds t o  t h e  

isotope Ai ; is t h e  weighted m e a n  of t h e  formation 

cross sect ion of t he  isotope Ai on collision of t he  primary cosmic radiation 

with t h e  elements of t h e  meteorite; i -  is  t h e  contribution /1=6 

of t h e  isotope Ai t o  t h e  cross section f o r  i n e l a s t i c  col l is ion of t h e  secondaryl 

p a r t i c l e s  ; i s  t h e  weighted mean  of t he  geometrical cross & 

a, -= 

section of t he  nuclei  of t h e  elements from which t h e  isotope Ai i s  formed; 

(%1 )set i s  the  weighted mean of t h e  cross sect ion f o r  formation of t h e  iso- 

tope Ai by secondary p ra t i c l e s ;  t he  quant i t ies  ( 0 ~ ~  and (qi  )set, i n  t h e  

general case, are respective f’unctions of t he  energy of t h e  primary and second- 

ary cosmic radiation; Nsec i s  t h e  mean number of secondary p a r t i c l e s  formed by 

a s ingle  nuclear f iss ion.  T h i s  quantity depends on t h e  energy spectrum of t he  

primary cosmic radiation and on t h e  value of R; IO is t h e  in t ens i ty  of t h e  pri- 

mary cosmic radiation. 

been found (Bib1.22) t o  be 0.65 particle/cma-sec-sterad. 

I n  our estimates, we used its maximum value which has 

I n  accordance with t h e  above values w e  next calculated t h e  maximum rate 

of formation (or  rate of disintegration) of cosmogenic radioactive isotopes a t  

t h e  center  of a chondrite with a radius of 10 cm, taking account of t he  chemi- 

ca l  composition (Table 4). The resultant values are i n  sa t i s f ac to ry  agreement 

with t h e  observed rates of disintegration of radioactive isotopes i n  t h e  Harle- 

ton chondrite (Bib1.1). I n  t h e  Bruderheim chondrite t he  a c t i v i t y  of  most of 



- ~- 

t h e  isotopes was almost double the  calculated values. 

considerably greater  ro l e  in the nuclear in te rac t ions  was apparently played by 

I n  that meteorite a 
I 

TABLE 4 

COMPARISON OF CALCULATED AND OBSERVED (BIBL.1) RATE OF 
FORMATION OF COSMOGENIC RADIOISOTOPES IN CHONDRITES 

- 
re&= 

53 
39 

- 

1 .a 
5.44 
5.2 
5.5 
0.86 
5.2 
14.4 
3 
36.8 
66.4 
30.3 
54 - 

_'i ~ 
*Ektreme values from t h e  data of many authors [Summary (Bibl.33)1, 

secondary par t ic les ,  mainly neutrons, w i th  energies of 100 MeV, which w e  d i d  

not take i n t o  account i n  our calculations. 

cosmogenic isotopes depends very strongly on t h e  s i z e  of t h e  meteorite and on 

the pos i t ion  occupied in them by t h e  test specimens. 

1 
t 

~ 

,' 
Moreover, t he  r a t e  of formation of  

\ )  

These charac te r i s t ics  
)L I 

>'/ !are unknown f o r  both chondrites examined. To determine these factors ,  depend- 
1 1 '  ] 

able  information is  required on t h e  s p a t i a l  d i s t r ibu t ion  of t h e  cosmogenic 

isotopes i n  meteorites of various s i zes  and various chemical compositions, 

which i s  a very complicated task, demanding detai led experimental study and 
I 

;complex mathematical work-up. 
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